I. INTRODUCTION

R
ECENT advances in modern wireless communication systems, such as adaptive transmit filtering and receiver with preselection, call for tunable/reconfigurable filters. With movable center frequency and adjustable fractional bandwidth, the system bandwidth capability is improved without an employment of switched filter banks. For realization, the varactor diode was first exploited for tunable microwave resonator designs [1] , and the resulting varactor-tuned resonators were employed for development of the tunable filters. Since then, a great amount of effort has been made on the development of varactor-tuned microwave bandpass/bandstop filters. In contrast, very few tunable microwave lowpass filter (LPF) designs have been reported thus far. Here, for the sake of relevance, previous works on the tunable LPFs are briefly outlined. In [2] , the barium-strontium-titanate (BST) based tunable capacitor was employed for the realization of a LPF with good bandwidth tunability. The demonstrated bandwidth tuning range reaches 40%, and the passband insertion loss (IL) is less than 2 dB. Similarly, the BST-based varactor was used for the development of a tunable LPF with a 33% bandwidth tuning range and the maximum passband IL is 4 dB [3] . In [4] 19% bandwidth tuning capability, good stopband rejection, and 1.5 dB maximum passband IL was demonstrated.
Compared to the past designs, a varactor-tuned LPF with relatively low passband IL and broadband rejection is presented herein. The demonstrated filter is built with the approach proposed in [5] where simple stub-based, varactor-tuned microwave resonators were proposed for a bandwidth reconfigurable bandpass filter. However, the spurious passband issue was not addressed. Here, the approach is adopted for the tunable LPF design, and the spurious harmonics are suppressed with simple open/short stub structures. The tunable LPF is realized with the coplanar waveguide (CPW) structure to minimize discontinuities inherited in the filter configuration and to aim for a relatively easy filter miniaturization. Below, the design and characterization of the tunable CPW-LPF along with its corresponding transmission-line (TL) circuit representation is first described. The full-wave and circuit characterization presented therein are performed with the full-wave simulator, Ansoft HFSS, and the commercial circuit simulator, Agilent ADS, respectively. The CPW-LPF is then experimentally verified with the measured results.
II. BANDWIDTH-TUNABLE CPW-LPF
In this section, the proposed bandwidth-tunable CPW-LPF along with its equivalent TL circuit is presented in Section II.A. The experimental verification is described in Section II.B.
A. Filter Configuration and Circuit Representation
Fig. 1(a) and (b) show the configuration of the proposed CPW-LPF and its corresponding lossless TL circuit representation, respectively. The equivalent-circuit representation aims for a straightforward illustration of the filter structure as well as the bandwidth tunability attributed to the proposed varactor-tuned resonator. The detailed dimensions of the CPW-LPF are provided in Fig. 1(a) , and the bias circuitry of the varactor diodes is depicted in Fig. 1(b) . The filter is on a substrate with a dielectric constant of 4.4 and a thickness of 1 mm. And, the silicon hyperabrupt junction varactor diode, SMV-1247, manufactured by Skyworks [6] is adopted. The varactor features a tuning capacitance from 0.7 to 8.86 pF on a reverse bias from 0 to 5 V. The varactor series resistance on a reverse bias 3 V at 500 MHz is 6 , and its -parameter data are extracted from its SPICE model and included in the full-wave simulation. From a circuit perspective, Fig. 1(b) shows that the proposed bandwidth-tunable CPW-LPF is developed with three main structures: and are included to describe the bond wires and the CPW discontinuities, respectively.
With Fig. 1(b) , it is easy to show that the inband responses of the presented (zero-biased) CPW-LPF are equivalent to the ones of a conventional third-order elliptic LPF, which comprises two series lumped inductor in shunt with a LC tank. More specific, the varactor-tuned resonators and the series short stub in Fig. 1(b) correspond to the LC tank and the series inductor of the LPF prototype, respectively. Here, the passband edge and equi-ripple of the elliptic LPF prototype are respectively specified at 1 GHz and 0.025 dB, and the stopband rejection at 3 GHz is 18 dB. Consequently, the series inductance is 5.3 nH, and the shunt inductance and capacitance of the LC tank are 2.2 nH and 2.7 pF, respectively. With the prototype lumped-element values, the TL parameters in Fig. 1(b) are obtained through the curve-fitting technique, and the resulting circuit parameters are , ,
all at 1 GHz). Next, the bandwidth tunability obtained with the stub-based resonators incorporated with the varactor diodes is described.
In Fig. 1(b) , the varactor-tuned resonator outlined in the dashed line has two varactor-tuned, stub-based resonators arranged in a symmetric topology. Each tunable stub-based resonator is built with a transmission-line section in series with the varactor that is followed by an open stub . The transmission coefficient of this varactor-tuned resonator is related to its input admittance ( ). Hence, it is straightforward to show that the tunable transmission poles ( ) and transmission zeros ( ) of the resonator are related to the variable capacitance ( ) of the reverse-biased varactor as (1) and (2), respectively (1) (2) Substituting the above-specified TL circuit parameters into (1) and (2), the relocation of the zero/pole with respect to the varactor capacitance is numerically demonstrated in Fig. 2 . As a result, the zero is downshifted while increases, whereas the pole remains almost unmoved. Indeed, the other poles at higher frequencies share this property. These fixed poles leads to an easy avenue for suppression on the multiple spurious resonances. As depicted in Fig. 1(b) , the spurious passbands are able to be suppressed with the series short stubs and the open shunt stubs. In Fig. 3(a) , the circuit simulation results respectively show the of the solely varactor-tuned resonator, the of the resonator with the short stubs, and the of resonator with both short stubs and open stubs at different bias. In contrast, Fig. 3(b) presents the corresponding full-wave simulated results. As shown in Fig. 3(a) and (b) , the first and second spurious passbands of the zero-biased tunable resonator are centered at around 5 and 9 GHz, respectively. Here, the differences of between Fig. 3 (a) and (b) are attributed to the parasitics of the adopted CPW stub and TL configurations for filter realization. As for the suppression, the first harmonics is suppressed with the two symmetric series short stubs which are quarter-wavelength long at the center frequency of this spurious passband. Similarly, the next harmonics (at around 9 GHz) is suppressed with two symmetric, quarter-wavelength shunt open stubs ( , ) . Note that the achieved wideband suppression with the simple stub structures is owing to the broadband rejection realized with the cascade of the CPW stub structures of partially overlapped band notches. Also, the increasing radiation loss from the stubs together with the higher substrate loss physically limits spurious passbands at higher frequencies.
B. Experimental Verification
The proposed CPW-LPF is fabricated on FR-4 substrate of relative permittivity 4.4, loss tangent 0.023, and thickness 1 mm for experimental verification. The fabricated CPW-LPF with the bias circuitry is presented in Fig. 4 where the single-core copper lines with are used for the reverse bias supply as well as the RF choke. Figs. 5 and 6 demonstrate the simulated and measured and of the tunable CPW-LPF, respectively.
As a result, the simulated and measured results are in reasonably good agreement. In Fig. 5 , the measured 3 dB cut-off frequency varies from 1.29 to 2.13 GHz when the reverse bias is increased from 0 to 5 V. In addition, the filter roll-off remains nearly the same. That is, compared to the zero-bias state, the demonstrated CPW-LPF has an about 65% bandwidth tuning capability with a 5 V bias swing. On the other hand, with the bias swing, the measured maximum inband IL is less than 0.7 dB, and the measured stopband rejection is greater than 15 dB at the frequency up to 15 GHz. As for the , Fig. 6 shows that the measured return loss varies from 11 to 21 dB when the reverse bias is dropped from 5 to 0 V. For the demonstration of the effectiveness of the proposed filter design, the proposed filter characteristics compared against past LPF designs are provided in Table I .
III. CONCLUSION
In conclusion, a varactor-based bandwidth-tunable CPW-LPF with very high bandwidth tunability and broadband rejection is demonstrated. With simple varactor-tuned stub resonators, the CPW-LPF reaches a 65% bandwidth tuning range without selectivity degradation. Also, a relatively low passband IL ( ) and broadband rejection ( at the frequencies up to 15 GHz) are achieved. The presented bandwidth-tunable CPW-LPF is expected to find applications in modern communication systems, such as the cognitive radio.
